Numerous risk prediction models are available for predicting delirium after cardiac surgery, but few have been directly compared with one another or been validated in an independent data set. We conducted a systematic review to identify validated risk prediction models of delirium (using the Confusion Assessment Method-Intensive Care Unit tool) after cardiac surgery and assessed the transportability of the risk prediction models on a prospective cohort of 600 consecutive patients undergoing cardiac surgery at a university hospital in Hong Kong from July 2013 to July 2015. The discrimination (c-statistic), calibration (GiViTI calibration belt), and clinical usefulness (decision curve analysis) of the risk prediction models were examined in a stepwise manner. Three published high-quality intensive care unit delirium risk prediction models (n¼5939) were identified: Katznelson, the original PRE-DELIRIC, and the international recalibrated PRE-DELIRIC model. Delirium occurred in 83 patients (13.8%, 95% CI: 11.2-16.9%). After updating the intercept and regression coefficients in the Katznelson model, there was fair discrimination (0.62, 95% CI: 0.58-0.66) and good calibration. As the original PRE-DELIRIC model was already validated externally and recalibrated in six countries, we performed a logistic calibration on the recalibrated model and found acceptable discrimination (0.75, 95% CI: 0.72-0.79) and good calibration. Decision curve analysis demonstrated that the recalibrated PRE-DELIRIC risk model was marginally more clinically useful than the Katznelson model. Current models predict delirium risk in the intensive care unit after cardiac surgery with only fair to moderate accuracy and are insufficient for routine clinical use.
a change in severity of disease before the onset of delirium (HR 1.19, 95% CI: 0.75-1.89). 6 Nevertheless, the health-care costs associated with ICU delirium are substantial, with both higher ICU (39%, 95% CI: 12-72%) and hospital costs (31%, 95% CI: 1-70%). 7 Although the exact aetiology of delirium is unknown, its pathophysiology appears to be multifactorial. 8 Predisposing factors (e.g. elderly patients, medical co-morbidities, and cognitive, functional, visual, and hearing impairments) and precipitating factors (e.g. severity of illness, continuous infusion of benzodiazepine, blood product transfusion, and prolonged duration of mechanical ventilation) combine to trigger delirium. 2 8-10 Thus, risk prediction models incorporating strong risk factors are likely to be useful to support clinical decision-making. By targeting drug prophylaxis and other non-pharmacological interventions for patients at high risk of developing delirium, the incidence, severity, and duration of delirium may be reduced. Numerous risk prediction models are available for predicting delirium after cardiac surgery, 11 but few have been directly compared with one another or been validated in an independent data set. Ideally, risk prediction models should undergo internal validation to ensure reproducibility and external validation to support generalizability before implementation into clinical practice. 12 After training our bedside ICU nurses on using the Confusion Assessment Method (CAM)-ICU screening tool for detecting delirium, 13 we searched for the most appropriate validated risk prediction model for early identification of patients at risk of developing delirium in the ICU after cardiac surgery. The objective of this study was therefore to externally validate and assess the performance of all published validated risk prediction models of delirium, using the CAM-ICU assessment tool for detection of delirium. First, we performed a systematic review to identify all potential prediction models, and then critically appraised all validated risk prediction models using the CHARMS reporting guideline.
14 Then we updated the validated risk prediction models in a step-wise manner on a cohort of 600 consecutive patients undergoing cardiac surgery at a university hospital in Hong Kong from July 2013 to July 2015.
Methods

Systematic review
We searched electronic databases (Ovid MEDLINE and EMBASE) for validated clinical risk prediction models for ICU delirium, published from January 1990 onwards, which would be applicable on the first day after postoperative cardiac surgery. A systematic search was performed in October 2012 and repeated on April 15, 2016. We adopted the search filter for prognostic prediction studies described by Geersing and colleagues. 15 Further studies were identified from reviewing the reference lists of retrieved studies and review articles. We restricted the language of publication to English and Chinese.
Criteria for considering studies
The intended scope of the review was to identify published prognostic scores to help identify adults who will or will not develop ICU delirium after undergoing cardiac surgery. Studies were included if they met the following criteria: (i) prospective or retrospective cohort of adult patients admitted to an ICU after cardiac surgery; (ii) patients were assessed for delirium using CAM-ICU assessment tool (CAM-ICU has a higher discrimination performance than the Intensive Care Delirium Screening Checklist); 16 and (iii) prognostic models that reported internal validation of the development data set (random split of data or resampling methods, such as bootstrapping) or reported external validation (temporal, geographical, different setting, different investigators) 14 to predict the future occurrence of ICU delirium. We excluded risk prediction models developed in children and risk prediction models where delirium was measured after the first day after cardiac surgery. Disagreements were resolved by discussion between the authors.
Data extraction and critical appraisal
After screening the titles and abstracts and selecting the potential eligible articles for full-text review (A.L.), a second author (V.K.W.L.) checked the selection. Two authors (A.L. and V.K.W.L.) independently extracted the following data: authors, year of publication, country where the study was conducted, study design, sample size, study population characteristics, risk predictors, model performance (calibration and discrimination measures), type of validation (internal or external), and incidence of delirium. Using the CHARMS checklist, 14 we rated the five risk domains (participant selection, predictor assessment, outcome assessment, attrition, and analysis for the development of the prediction model) as low, moderate, or high using criteria previously described. 17 Discrepancies in data extraction were resolved by discussion among the authors.
Validation cohort
Setting and participant characteristics The reporting of this study was according to the TRIPOD checklist for prediction model development and validation. 18 The Joint 
Editor's key points
• Delirium remains an important issue following cardiac surgery. Prediction of patients who will suffer delirium aids in providing appropriate post-surgical care and facilities, and has the potential to improve outcome.
• The authors examined the effectiveness of established risk-prediction models in a large multi-centre cohort of patients in Hong Kong.
• Moderate predictive accuracy was found, indicating potential future usefulness, but there was inadequate accuracy to allow current, routine, clinical use to be recommended.
patient's medical record and from the Hospital Authority Clinical Management System electronic database.
Predictors
We used the same definitions of the predictors as described in the original risk prediction models. The risk factors included in the risk prediction models were collected by one of the investigators (J.L.M.) during the first day after cardiac surgery. These risk factors included age, preoperative depression, preoperative creatinine >150 mmol litre
À1
, preoperative use of statins, combined coronary artery bypass graft and valvular surgery, red blood cell transfusion of >5 units and perioperative intra-aortic balloon pump support, severity of illness score (APACHE II score), coma, infection, metabolic acidosis, use of sedatives and morphine, urea concentration, and urgent ICU admission. [20] [21] [22] For non-delirious patients discharged from the ICU within 24 h after cardiac surgery, the measurements for the PRE-DELIRIC models 21 22 were based on the last set before ICU discharge. The attending ICU physicians were blinded to the results of the risk prediction models to minimize performance bias.
Outcome
The primary outcome was CAM-ICU assessment for ICU delirium 13 or the use of haloperidol for the treatment of ICU delirium. 21 The bedside nurses performed CAM-ICU assessments three times a day (once per 8 h shift). The duration of follow-up was until the patient's discharge from the ICU or the time to diagnosis of ICU delirium, whichever was shorter for risk prediction purposes. Pharmacological treatment of delirium (haloperidol, dexmedetomidine, quetiapine) was prescribed at the discretion of attending specialist intensive care physician. The nurses performing CAM-ICU assessment were unaware of the study objectives and were blinded to the risk factors being collected by the authors. Before the cohort study began, the inter-rater reliabilities between ICU bedside nurses and three persons (two ICU physicians and a research nurse) trained by a psychiatrist were measured. There was substantial agreement in a sample of 34 ICU patients (j 0.77, 95% CI: 0.35-0.93). Of the 34 ICU patients, five were delirious (14.7%, 95% CI: 5.6-29.6%).
Data analysis
There were no missing data for the predictors collected. The distribution of variables from each model development data set and our cohort were tabulated. Continuous variables are reported as mean and SD or median and interquartile range (IQR) as appropriate. The 95% confidence interval (95% CI) is reported for the incidence of delirium. The level of significance was set at P<0.05.
First, we used the original formulas of the included risk prediction models and applied them to our patients without adjustments to the slope and intercept (model 0), taking into account the type of coding (effect vs reference) used for categorical predictors, to calculate the predicted probabilities. As the intercept was not published in one paper, 20 we wrote to the authors to provide this information. Then the 'calibration-in-the-large' method (model 1) 23 was used to update the model by recalibrating the intercept to adjust for the difference in the incidence of delirium between the development data set and our patient population. Next, we applied the 'logistic calibration' method (model 2) 23 by adjusting the intercept and the slope in our cohort data set. The calibration slope in our cohort study reflects the combined effect of overfitting on the development data set and the true differences in the effects of the predictors. 24 Patients were divided into the following risk groups: <10% (very low), 10-20% (low), 20-40% (intermediate), 40-60% (high), and >60% (very high), using a similar classification to the one previously described.
21
Discrimination (probability of correct classification for a pair of patients with and without delirium) was assessed by constructing an area under the receiver operating characteristic (AUROC) curve and estimating a c-statistic. 24 We compared the discrimination performance of different risk prediction models using the method of DeLong and colleagues. 25 Calibration (agreement between probability of delirium and observed delirium frequency) was assessed using a Hosmer-Lemeshow (HL) test with nine degrees of freedom and calibration plot with a GiViTI calibration belt. The calibration belt is a fitted polynomial logistic function curve between the logit transformation of the predicted probability and outcome with surrounding 80% CI (light grey area) and 95% CI (dark grey area). 26 The calibration belt is more useful than the HL test as it highlights ranges of significant miscalibration. 26 This type of calibration approach is rated as moderate in the calibration hierarchy recently proposed. 27 We used Nagelkerke's R 2 and the Brier score to estimate the overall performance of the updated models. A decision curve analysis 28 was used to compare the clinical usefulness of the risk prediction models. This involves choosing an appropriate threshold probability, defined in this setting as the level above which a patient (or physician) would choose prophylactic treatment for delirium. 28 The net benefit is the difference between the expected benefit (number of patients with delirium and who will receive prophylaxis, i.e. true positives) and expected harm (number of patients without delirium who would be treated in error multiplied by a weighting factor based on a threshold probability, i.e. false-positive rate multiplied by ratio of threshold probability divided by one minus the threshold probability) associated with each considered strategy. 28 Analyses were performed using STATA software (StataCorp, College Station, TX, USA). Calibration belts were plotted using R version 3.2.5 (R Foundation for Statistical Computing, Vienna, Austria).
Sample size
A sample of 71 from the delirium group (positive group) and 474 from the non-delirium group (negative group) was expected to achieve 80% power to detect a difference of 0.10 between the AUROC curve under the null hypothesis of 0.85 21 and an AUROC under the alternative hypothesis of 0.75 20 using a two-sided ztest at a significance level of 0.05. The data were a continuous risk probability response with an incidence of delirium of one in every eight patients that was based on our general observation. Thus, the total sample size was 545. Given that those lost to follow-up was $10% patients with no CAM-ICU assessments, we recruited 600 patients for the study. The sample size calculation was performed using PASS 11 software (NCSS, Kaysville, UT, USA).
Results
Systematic review
The flow chart for identifying internally and externally validated risk prediction models for ICU delirium after cardiac surgery is shown in Fig. 1 . During the last 'check' search completed in 2016, we identified an internally validated early prediction model for ICU delirium (E-PRE-DELIRIC) consisting of nine predictors available at the time of ICU admission 29 but were unable to externally validate it using our data as our prospective data
Validating ICU delirium risk prediction models | 393 collection, begun in 2012, did not include all variables required and was nearing completion. The missing variables included history of cognitive impairment, history of alcohol abuse, mean arterial blood pressure at the time of ICU admission, use of corticosteroids, respiratory failure, and blood urea nitrogen at the time of ICU admission. 29 Characteristics of the three studies [20] [21] [22] meeting selection criteria are shown in Table 1 . One internally validated risk prediction model was developed specifically in cardiac surgical patients but had not undergone external validation. 20 The other two risk prediction models were from the same model of 10 predictors (PRE-DELIRIC) and were internally validated 21 and extensively validated temporally, geographically, and at different ICU centres. 21 22 Overall, the quality of reporting for the three included studies was high. We graded the risk of outcome assessment bias in one study 21 as moderate because it was unclear whether CAM-ICU assessments were assessed independently from the assessment of predictors. The discrimination was acceptable 20-22 to excellent. 21 There was good calibration in all risk prediction models using calibration plots 21 22 and the HL test. 20 
Validation cohort
Of the 684 consecutive patients undergoing cardiac surgery, 600 met the inclusion criteria (Fig. 2) . For assessing the PRE-DELIRIC model, we excluded a further three patients who stayed in the ICU for <12 h, in keeping with the original inclusion criterion. 21 Over half the patients (58%) had coronary artery bypass graft with or without valvular operations. The median (IQR) logistic EuroSCORE , respectively. No patient was lost to follow-up (Fig. 2) . All delirium episodes were detected by a positive CAM-ICU tool result. In our study, no patient was classified as having delirium solely because the patient had received a dose or doses of haloperidol (i.e. this condition was not encountered). Delirium occurred in 83 of 600 patients (13.8%, 95% CI: 11.2-16.9%), similar to the incidence reported in the study by Katznelson Risk prediction models included in analysis (n=3) further external validation update was applied to the development data set for PRE-DELIRIC 21 in eight ICUs in six countries, 22 we decided to apply this latest PRE-DELIRIC model to our cohort data set only for independent external validation. Therefore, this left two risk prediction models 20 22 for external validation for this study. In our setting, the discrimination of the recalibrated PRE-DELIRIC model 22 Fig. 1A ) over a range of predicted risk of delirium between 7.9 and 40.0%. Likewise, logistic calibration of the recalibrated PRE-DELIRIC risk model 24 resulted in an acceptable calibration (HL P¼0.99) with no significant over-or underprediction intervals in the calibration belt ( Supplementary  Fig. 1B ) over a range of predicted risk of delirium between 0.5 and 88.5%. The overall performance of the logistic calibration of the PRE-DELIRIC risk model 22 in the decision curve analysis (Fig. 4) .
Discussion
This systematic review identified three internally and externally validated risk prediction models [20] [21] [22] for ICU delirium after cardiac surgery that were suitable for independent external validation. Overall, the methodological quality of these risk prediction models [20] [21] [22] was high. Two models with a different set of predictors were directly compared with one another, using an independent prospective cohort data set of 600 adults undergoing cardiac surgery, to test the transportability of the models. After logistic calibration of the Katznelson 20 and recalibrated PRE-DELIRIC model, 22 both models showed good calibration.
The discrimination was acceptable in the recalibrated PRE-DELIRIC model 22 and was higher than the fair discrimination performance found in the Katznelson model. 20 The recalibrated PRE-DELIRIC model 22 was more clinically useful than the Katznelson model 20 because of the higher net benefits found over a wider range of threshold probabilities when applied to an independent data set. This systematic review revealed 25 delirium risk prediction models in the cardiac surgical population, but that only a few have undergone formal internal and external validation checks. These findings are consistent with the results from systematic reviews of new risk prediction studies where internal and external validations were performed in a third (36%) 30 and a quarter (25-29%) 30 31 of the time, respectively. There is a smaller probability (16%) of a new risk prediction model being externally validated by different authors within 5 yr after publication. 31 Even within the validated models included in the review, we noted inadequate reporting of blinding delirium outcome assessment in one. 21 This finding is consistent with a low prevalence (11%) of blinded outcome evaluation in risk prediction models in the anaesthesia literature. 32 Although the Katznelson model 20 was designed for postcardiac surgical patients, there was only fair discrimination. This might be because the original purpose of the study was to estimate the effect of statin administration on the risk of ICU delirium while adjusting for potential confounders. In contrast, the PRE-DELIRIC models 21 22 (and the E-PRE-DELIRIC model) 29 better captured the known predisposing and precipitating risk factors associated with delirium in general ICU patients, including those undergoing cardiac surgery.
A previous study suggests that external validation of new risk prediction models in populations different from model development data sets have lower discrimination performance. 31 The median AUROC change in the discrimination performance in subsequent validations by different authors was significantly lower (À0.05, P<0.001) in 14 of 17 instances examined. 31 Our results are mixed compared with these findings. The lower AUROC found in the Katznelson model 20 might be related to our homogeneous and less severe case-mix compared with the development data set, resulting in smaller net benefits in the decision curve analysis. Another possible reason for the fair discrimination performance was the smaller than expected regression coefficients in our cohort that might reflect overfitting in the development data set, because a large number of candidate predictors (n¼17) were considered for modelling and no shrinkage of coefficients was performed. The validation case-mix appeared to be more homogeneous and less severe than the PRE-DELIRIC data sets.
21 22 This might be because the validation cohort was restricted to cardiac surgical patients, in contrast to the development cohort that consisted of a mixed ICU cohort. The incidence of delirium in PRE-DELIRIC data sets 21 22 was greater than that found in our cohort, a phenomenon that might partly be explained by haloperidol use as part of the definition of delirium. However, the number of patients included solely on this basis was not reported. Our mean APACHE II score was also significantly lower (P<0.001).
Without the reported mean and SD of the linear predictors from the development data sets, formal statistical analysis of the heterogeneity of and severity of case-mix differences between studies is not possible. 33 The magnitude of the regression coefficients in our logistic calibration model appeared more comparable to the development data set 21 than to the recalibrated PRE-DELIRIC data set. 22 Of note, our calibration belt ( Supplementary   Fig. 1B) prediction models. At all threshold probabilities, the recalibrated PRE-DELIRC model 22 gave higher net benefits than the Katznelson model, 20 suggesting that it is the preferable model to use.
However, the overall performance and net benefits of the recalibrated PRE-DELIRIC model 22 were modest. Even at 40% cut-off for the recalibrated PRE-DELIRIC model (Fig. 3) , the positive likelihood (6.67) and negative likelihood (0.85) ratios were fair. In practical terms, the net consequence of using the Katznelson model 20 is the equivalent of a strategy that found 4-47 per 1000 patients for prophylactic pharmacological intervention without treating any unaffected patients (no overtreatment) at threshold probabilities between 10 and 20% compared with doing nothing (Fig. 4) . Applying the recalibrated PRE-DELIRIC model 22 at the same threshold probabilities of 10-20%, the corresponding net benefits would be to identify 30-67 per 1000 patients for prophylactic pharmacological intervention without overtreatment compared with doing nothing. Consequently, the clinical usefulness of both models appears limited in a clinical setting. Although prediction models, including the ones we have assessed in this paper, remain an invaluable research tool for risk stratification or risk adjustment, the implication for future delirium research in cardiac surgical patients is that there is a need to consider model extensions or aggregation of multiple risk prediction models 34 to provide a more accurate prediction. For model extensions, it may require the inclusion of measures of frailty 35 and specific illness severity scores, such as logistic EuroSCORE, as predictors for delirium to improve the model performance and clinical usefulness. Aggregation of multiple published risk prediction models is a promising new technique that can simultaneously update, identify, and estimate the best combination of published risk prediction models in a small validation cohort (<30 events) to yield a superior prediction model. 34 Given the substantial number of events in our study, the aggregation of Katznelson 20 and PRE-DELIRIC models 21 22 29 would be unlikely to confer substantial benefit for improving the model performance over the present approach taken by us. A limitation of the systematic review was the possibility of publication bias arising from restricting the language of publication to English and Chinese. Another limitation was the use of the CAM-ICU assessment tool for identifying delirium as it has known limitations with detecting hypoactive or mixed delirium. Although the specificities for detecting hypoactive and mixed delirium are high (>92%) using CAM-ICU, the sensitivities are 31% (95% CI: 17-48%) and 53% (95% CI: 35-74%), respectively, in mixed ICU patients. 36 Thus, our overall incidence of delirium may be an underestimate, but this is unlikely to affect the discrimination performance of the models. 24 
Conclusions
Despite a large number of published predictive models, there was a paucity of high-quality internally or externally validated risk prediction models for ICU delirium after cardiac surgery. The external validation approach used in this study was comprehensive and distinct from estimating the performance of risk prediction models from authors who subsequently carried out external validation of their own developed models. Although the PRE-DELIRIC model 21 was originally developed in a cohort of mixed ICU patients, the overall performance of the recalibrated PRE-DELIRIC 22 was better than the Katznelson model 20 in a defined cardiac surgical population. Although the assessed models remain sufficiently valid for research-based risk stratification, the discrimination and calibration are at best moderate and could be improved. Based on the decision curve analysis, the use of these models for clinical practice decisions appears premature. Improvements in model performance through model extension or aggregation of these prediction models in cardiac surgical patients would be necessary to justify their clinical use. 
